ABSTRACT
INTRODUCTION
The optical properties of a material are generally described by the amount of light that is reflected and absorbed by the material and the amount of light emitted by the material due to blackbody radiation. The following sections will outline the theory, phenomenology and measures commonly used to characterize these effects.
Material Reflection

The incident flux reflected by a material is a combination of two generalized mechanisms. First, light is reflected by the surface of the material (e.g. the surface of a paint layer on a substrate). Second, light that is transmitted through the surface can be scattered internally by the material (e.g. the volume of the paint between the surface and the substrate) and transmitted back out the surface. Complex measurement approaches can be used to measure the magnitude of the each mechanism, however, the most common measurement approaches capture the combination of these two mechanisms. Due to the optical properties of the surface and the volume, the overall reflectance has a significant angular dependency. The directional reflectance can be characterized by the bidirectional reflectance distribution function (BRDF).
1 The BRDF captures the reflectance factor as a function of incident direction (θ i , φ i ), and reflected direction (θ r , φ r ) and wavelength (λ), 
Many materials exhibit isotropic characteristics, so the azimuthal variation can be ignored such that,
Material Absorption
Since light incident at the material surface is either reflected or transmitted into the bulk of the material, it follows that absorption must occur within the bulk of the material. Incident light that is absorbed by the material is commonly translated into thermo-mechanical energy which can result in heating of the material.
Material Emission
Any material at a temperature higher than 0 K will attempt to radiate some of that energy away.
An ideal radiator is referred to as a blackbody radiator, and it's radiant emittance (M ) is equal to the Planck blackbody emittance which is a function of wavelength and the temperature of the material. A non-ideal radiator can only radiate a portion of this energy defined by the efficiency of a material, or the emissivity ( ). Due to a variety of surface and sub-surface geometry effects, it is generally observed that the emission is not-equal in all directions.
Therefore, the radiant emittance is also a function of angle, 
MODEL DESCRIPTION
Model History
Computational Radiometry
The DIRSIG model is a image generation tool that utilizes a complex computational radiometry sub-system to predict absolute fluxes within a 3D scene description. The model uses [ 
Surface Leaving Radiance Prediction
The DIRSIG model has a flexible radiometry sub-system for computing radiances for arbitrary paths within the defined scene. The primary mechanism used to predict images is reverse ray-tracing where rays originate from the imaging detectors and are propagated into the scene. When a ray intersects the scene geometry, the associated radiometry solver is run to compute the surface leaving radiance. DIRSIG has a handful of radiometry solvers used for opaque surfaces and the most flexible is the "generic" radiometry solver. The generic radiometry solver computes the reflected radiance by sampling the hemisphere above the target.
The distribution of these samples is based on the shape and magnitude of the associated BRDF. The nominal hemispherical sampling is cosine projected and has user-defined sampling parameters (e.g. total number of samples, etc.). The incident load for those samples are determined by tracing higher generation rays which intersect other surfaces and trigger other instances of the radiometry solver. The fidelity of the sampling for higher generation bounces can be decreased using a bounce-dependent decay rate that modifies the sampling parameters. The total number of bounces that are tracked is also user controllable.
The incident loads from the sampled hemisphere are numerically integrated using the geometry specific reflectance (BRDF) and the solid angle of the sample. The incident illumination from the Sun, Moon and sky are provided by MODTRAN-P which has been integration tested with DIRSIG against Coulson's polarized sky measurements. 9 Since the pBRDF is accessed via surface relative incident and reflected angles, the polarization orientation of the incident illuminates must be projected into the surface relative coordinate system, and the leaving radiance must be projected into the polarization coordinates of the scene.
BRDF Modeling
The authors believe that using directional reflectance models to derive directional emissivity values has advantages over using a directional emissivity directly. 
Polarized BRDF Modeling
The polarized BRDF can be generalized to include a polarized specular component and an unpolarized volume component. Although the volume component may contribute a small amount to the overall polarization of reflectance, this model treats the volume term as completely unpolarized.
f pBRDF = f spec + f vol = f polarized + f unpolarized(6)
Stokes Geometry Transforms
The calculation of this angle requires calculation of the S and P unit vectors of the incident light propagation direction as well as the facet normal vector projected into the S-P plane of the incident light (
The incident rotation angle, α i , can be computed as the inverse tangent of the ratio of the S and P components of the vector n i SP ,
This angle can be used to construct a Mueller matrix that will rotate the incident Stokes vector from the global Stokes geometry into the surface relative Stokes geometry,
The surface relative to global rotation angle for a similar exitent geometry (α e ) can be computed using the same approach. However, the rotation angle is opposite in sign compared to the similar incident geometry. The reflected polarized radiance (L r ) for polarized incident light is then,
where M αe is the local to global (exitent) Stokes rotation matrix, M BRDF is the Mueller matrix from the polarized BRDF for the incident/exitenteflected geometry, M αi is the global to local (incident) Stokes rotation matrix and E i is the incident irradiance defined in the global Stokes coordinate system. The self-emitted polarized radiance (L e ) is then,
where M αe is the local to global (exitent) Stokes rotation matrix, M is the Mueller matrix from the polarized directional emissivity and L bb is the blackbody radiance.
DATA COLLECTION
Polarized Image Collection System
The collection system for all data included in this 
In order to generate the S 0 , S 1 , and S 2 Stokes images, four images were collected with the polarizer oriented at 0, 45, 90, and 135 degrees relative to the plane of incidence of the target/camera geometry. The Stokes images are derived from the intensity images as follows
S 0 = 1 2 (L SLAR (0) + L SLAR (45) + L SLAR (90) + L SLAR (135)) (14) S 1 = L SLAR (0) − L SLAR (90) (15) S 2 = L SLAR (45) − L SLAR (135)(16)
The surface leaving, aperture reaching radiance (SLAR) is simply the thermally emitted and reflected background radiance terms. It is assumed that the short atmospheric path between the camera and the scene does not contribute to the overall radiance (τ
where α is the polarizer rotation angle. The downwelled radiance L dw may be measured by placing an infrared reflector in the scene possessing a surface texture and orientation similar to the targets of interest in the scene. The L SLAR (α) image can be derived directly from the camera image after appropriately removing the skydome radiance reflected from the backside of the wire grid polarizer.
Determination of the BRDF Parameters
In addition to generating Stokes images of a scene, the same collection system was utilized to measure polarized emissivity of a variety of target and background materials. The experimental techniques and methodology used derive the parameters for the polarized BRDF model is documented elsewhere. 14 The graph in Figure 1 shows the measurement derived and modeled emissivity results for a flat black painted wood target and the estimated 2-sigma uncertainty in the measurement. Due to the assumed azimuthally isotropic nature of the polarized BRDF facet distribution, there is no S 2 component for modeled polarized emissivity. The resulting polarized BRDF parameters were utilized to configure material surfaces for polarized DIRSIG image simulations. 
RESULTS
This section presents experimental and DIRSIG simulated results that are meant to qualitatively present expected polarimetric phenomenology in the thermal infrared. Specifically
, image examples will demonstrate the effect of local surface orientation and background illumination on polarimetric signatures in the S 1 and S 2 image products. The simulated polarimetric radiance images had uniform noise added to them based on the measured noise characteristics of the actual sensor system.
Geometry Related Phenomenology
The following scenario demonstrates the effect that local surface orientation has on the polarization state of thermally emitted radiance. The first example shows a black, inflatable plastic ball on snow in front of a glossy panel imaged during the day (see Figure 2) 
Illumination Related Phenomenology
This example utilizes various target materials subjected to different types of background illumination. In the scene are nine (9) Figure 7) . Due to the flat nature of the scene, none of the measured imagery featured significant contrast in the S 2 image product, so they are not presented.
Complex, Real-World Phenomenology
The second configuration places the panels directly under and in-front of a series of deciduous and coniferous trees (see Figure 8) 
SUMMARY
